Introduction
Injected pultrusion is a highly automated and efficient continuous process where fiberreinforced polymer composites of uniform cross-section can be economically produced.
Liquid resin is injected through the top and/or the bottom injection gates just downstream of a tapered die section. As preheated fibers are being pulled through the heated die cavity (Figure 1 ), the resin polymerizes (cures), leading to the formation of a rigid product. The cured product leaving the die is cut by a traveling saw into parts of fixed lengths, and sent for post-cure treatment.
Figure 1. Schematic of the Injected Pultrusion Process
Both thermosetting and thermoplastic resins can be used in the manufacture of polymer composites by injected pultrusion. Since thermosetting resins are by far of more interest industrially, this study concentrated on carbon fiber reinforced thermosetting resins.
Prior Work on Design
The current industry practice of designing a pultrusion-type process is based on experimental trial and error. This is an expensive and time-consuming procedure, but was hitherto unavoidable in the absence of good processing models. Recent advances in computing power and processing science have now made it possible to simulate the dynamic physics of the real process with high fidelity. For the IP process, Kommu and others (2, 3) have shown that such models can be used to design die geometry and optimize the operating conditions. Their work demonstrated that a 3-D model is necessary for designs involving large parts and taper angles. Mustafa et al. (4) used a 3-D nonisothermal model to study the effect of fiber velocity and taper angle on the product quality, and proposed a model for the pull-force requirements. Al-Assafi et al. (5) conducted response surface studies for statistical experimental design of the pultrusion system. Lackey and Vaughan (6) presented studies on injection chamber design, pressure, and fiber types for injected pultrusion systems. However, these researchers failed to provide methods based on economic objectives and other factors for process and equipment design. Furthermore, no consideration was given to the ecological implications of these designs.
Regulations such as those recently promulgated by the United States Environmental
Protection Agency (USEPA) restrict emissions from composites manufacturing processes. In particular, USEPA's new maximum allowable control technology (MACT) standard (7) requires at least 60 weight % reduction in hazardous air pollutants (HAP) emissions in all existing and new pultrusion processes that are below the 100 tons/year HAP emission threshold, and a 95 weight % reduction for new pultrusion processes that are above this threshold. Injected pultrusion with closed backflow drip collection is recognized as an option to modify conventional pultrusion to achieve this 60% reduction.
The work presented here seeks to address these issues by using a multi-objective approach.
Objectives
The objective of this work is to develop an integrated approach that combines knowledge of composites processing with techniques for ecologically and economically conscious design. Toward this end, the specific objectives include:
1. Extend the recently validated dynamic model of the injected pultrusion process to predict energy consumption, materials use and emissions.
2. Develop models to determine the thermodynamic efficiency via exergy (available energy) loss in each stage of the process.
3. Apply multi-objective optimization methods to identify the relationships between cost, exergy loss and environmental impact of emissions using an economic model of the process.
Use is made of thermodynamic concepts such as exergy and emergy for this process-level design, as these are easily extendable to a complete life-cycle assessment (LCA) for overall impact (8).
Process Design

Product Specifications
The part composition (choice of fiber, resin and fiber loading), as well as the dimensions of the part, are supplied by the product designer, based on a final set of desired application-relevant physical and mechanical properties. For this study, a rectangular cross-section part is considered with width ( ) 1. ). This is a small composite part of the same size as the part manufactured using a bench-scale setup in our laboratory (9) .
This experimental setup was used to validate the process model in the previous study (9) and forms a reference against which our retrofit design and optimization studies can be benchmarked. To demonstrate the optimization concept, the full 3D dynamic model (1) was used. However, variations that modify reaction chemistry or processing regimes where the model is not applicable were not considered.
Process Schematic
The die is usually fabricated as a continuous section of tool steel with chrome plating on the cavity surfaces. For our design case study, a continuous rectangular cross-section die was assumed (with height H and width W ) with the heating/curing section divided into The maximum die length is constrained due to machining and chrome-plating difficulties all sides of the cross-section (11) . In order to reduce race-tracking and variations in fiber porosity or permeability, the taper length was chosen to achieve a compression ratio (CR) Figure 2 ). The fiber entry temperature fib inj T T ≈ was assumed as this a necessary modeling assumption for local thermal equilibrium. In particular, to maintain pot-life as well as to ensure good flow and cure initiation properties, the resin injection temperature was fixed at 50
Srinivasagupta et al. (1) have established that thinner dies reduce transport barriers, improve controllability and help achieve high throughput rates. It was also seen that there was a monotonic increase in achievable line speed with die length. Accordingly, the die width W , and the die height H were chosen (based on the part dimensions) such that the minimum metal thickness is achieved. For pultrusion, dies with thicknesses as low as 0.1 inch (2.54 mm) have been used (12) , and the same was used here. A maximum die length of 1.524 m or 60 inches was chosen because that length can be fabricated and assembled without significant difficulty (1). ( ) 1 2 3   1  2  3  , , ,, , , , , max , , , , , , , , , ,
The profit function for a continuous process in terms of the cost factors for material, labor and energy streams can then be approximated as:
Here, ( ) C t denotes a time-varying, market-dependent cost, and the superscripts M, U, C, L, and P refer to material (fiber, resin, catalysts, and chemicals), utility (electric heating, pulling and pumping), capital (equipment depreciation), labor, and the finished product, respectively. The pumping and pulling powers scale quadratically with line-speed (
but are often negligible with respect to the dominant heating power (1). For negligible material and energy losses, and a perfect market (the scale of manufacturing does not alter the external market dynamics), the above formulation reduces to that of just maximizing the throughput. Maximizing the throughput is also a common operating objective adopted in practice.
Thermodynamic Objective
An economically optimum process may not necessarily be a thermodynamically efficient one. In order to improve process efficiency, an exergy analysis can be included at the process scale (13, 14) . Exergy of a system is defined as the theoretical maximum amount of work that can be obtained from the system at a prescribed thermodynamic state (pressure, temperature,enthalpy, entropy, internal energy, and specific volume) when operating with a reservoir (in our case, the ambient environment) at constant pressure and temperature amb P and amb T .
Because traditional exergy analysis at the process scale does not account for equipment and other forms of capital, an optimum solution based on minimizing just the exergy loss alone may not be economically practical, since it will incur large capital expenses.
Traditional thermo-economic or exergo-economic analysis defines a single objective function with exergy loss converted into monetary terms by estimating a cost of exergy in the process. This cost can be calculated based on the knowledge of the exergy contents of the inputs and their cost. An alternative approach is to use multi-objective optimization methods such as data envelopment analysis (DEA) to identify the trade-offs between the economic and thermodynamic objectives. In this case, the additional thermodynamic objective of minimizing the rate of exergy loss X ∆ in the process is:
For the steady-state process, X ∆ is the rate of entering exergy minus the rate of exiting exergy: concern with exergy analysis is only at the process scale, chemical exergy (due to differences in composition between the stream and the ambient environment) was not considered, and therefore, the exergy of the entering resin and fiber streams is
C is the specific heat of the exiting composite part, the exergy of the exiting part is:
with the integration performed at the exit over the die cross-section. Here, 
Environmental Objective
The environmental impact of the emission must also be considered in the objective.
Ideally, liquid resin wastage due to backflow at the die entrance should be zero or negligible, as this poses disposal problems. Unlike other approaches, this method considers the impact of the emissions, as well as the ecological product and services required for dissipating the emissions.
( )
Here, v X is the local exergy rate of vapor emission. Most of the vapor emission occurs at exposed areas at the die entry and exit, but it is very difficult to quantify this exactly.
EPA's AP-42 guidelines for emission estimation for conventional pultrusion (7) uses emission factors with a value of 4-7% for non-vapor-suppressed resins, and 1-5% for vapor-suppressed resins. For the injected pultrusion process itself, the emission factor is 40% of these values (60% reduction). At the simplest level of abstraction, it was assumed that the volatile is primarily styrene monomer vapor, modeled as an ideal gas released at ambient pressure. An emission factor of 5.5% (midpoint value) was used for the non- 
Quality Constraints
At steady-state, a certain degree of cure, termed the gel point, has to be attained at the die exit so that the part may be clasped and pulled out without irreversibly deforming it. A higher degree of cure will result in significantly increased pull-force and the possible seizure of the part within the die. This can be expressed as,
This exit cure profile is constrained by the steady state model of the process:
, , , , , , , , , ,
To avoid voids in the exiting part, a unity fill-factor at the exit is required:
Furthermore, to alleviate the possibility of process-induced stresses, the radial gradients in cure and temperature at the exit must be constrained. These requirements are expressed as:
(a) Uniform cross-sectional temperature profile at exit: In order to prevent thermal degradation of the resin, the constraints on the temperature at any location in the cavity are given by Equation (13):
A maximum temperature of max 150 T C = and a minimum temperature of min amb T T = were set.
3
Design Optimization
Optimization Considerations
For design optimization using a rigorous CFD-type model, it is necessary to integrate the process simulator with an iterative mesh generator. The nodal points generated by the mesh are then solved with the high-fidelity process simulator to evaluate the objective function and other processing criteria at each step. The theoretically limiting trends based on intrinsic kinetics as described in (1) determine the potential for optimization at both the design and operational stages. In reality, transport limitations govern the approach to this limiting case.
Optimization Procedure
Each process startup takes place with a dry run at the design line speed and fiber entry conditions. Starting from ambient conditions, the process is brought to steady state with the heaters operating at their design heating powers, similar in operation to the startup of an industrial-scale unit. Once steady state is attained, the resin injection is initiated at time 0 t = seconds. The resin and fiber entry conditions are based upon the need to maintain good local thermal equilibrium, as well as the need to maximize resin pot life (17); accordingly, these are fixed at 50 deg. C. The resin injection pressure is chosen as the lowest value that satisfies the conditions of no backflow and complete wetout. The variation of this resin injection pressure with line speed has been identified both theoretically and empirically to be linear (18) , and passing through the origin (i.e., at zero line speeds, only an infinitesimal injection pressure is needed to saturate the fiber). The slope is an unknown function of the die geometry and anisotropic fiber permeability.
Three different line speeds were studied, including the optimum line speed of 0.04 m/s identified by economic optimization previously for this system (1). The process was optimized at each of these line speeds using a coarse-grained optimization approach based on a response surface procedure (1).
The complete list of objectives and various constraints is listed in Table 1 . When multiple competing objectives are involved in an optimization problem, a common approach is to develop a single composite objective by using a weighted average of the individual objectives. Assigning weights to the various objectives is meaningful only if these objectives can be compared against each other. For example, it can be difficult to quantify the ecological or societal costs of a process operation as opposed to cost of manufacturing that is much easier to compute. Using explicit weights introduces additional complexity in terms of tuning and priorities, and may seem arbitrary. Hence, the focus in this paper is on an explicitly unweighted decision-making approach, that is based on parametric sensitivity and tries to balance various objectives through a graphical analysis. Table 2 lists a comparison of the optimized process parameters (local maxima) for the different line speeds. It can be seen that rates of both process and vapor exergy losses increase with line speed, even as the economics (due to scale of production) usually improve due to reduced effect of overhead (12) . The total power consumption shown includes the heating powers, fiber and resin preheating, and puller power. To verify if the exergy losses are commensurate with increasing line speeds, a better comparison would be to compute the exergy loss for a unit length of the composite part, i.e., by normalizing the exergy loss rate by the line-speed. Figure 3 shows the (normalized) variation of the process and vapor exergy losses as a function of the line speed, and the process parameters optimized for these settings. It can be seen that due to the closed nature of the die injection, vapor loss rate is minimal and the consequent rate of loss in vapor exergy in relation to the overall power consumption is small. Process exergy loss in terms of conversion of electric energy into heat is more important. While both vapor and process exergy loss (both in unit time and unit product length basis) increase with line speed over the range studied, it can be seen that there is a kink in the curve at 0.04 m/s. Hence, a tradeoff between economic and ecological objectives can be made at this point. It is therefore reasonable to assume that a line speed of 0.04 m/s represents the 'optimum' solutions and a satisfactory tradeoff between the various objectives. The design parameters for this regime are listed in Table 3 . As noted earlier, the geometric specifications of the die are already at their constraints. Figure 6 shows the cross-sectional cavity profiles at the die exit. As can be seen the fill factor is unity across the entire cross-section, indicating complete resin wet-out. The small temperature difference across the cross-section indicates good heat transfer characteristics due to the small part size, and thin die walls. Even though the reaction is exothermic, the adiabatic temperature rise remains small, and reflects the fact that heating energy is required for processing carried out at elevated temperatures. The cure is maximum at the center because the resin there has had the longest residence time.
Results and Discussion
Because the exit is exposed to the ambient environment, the cross-sectional pressure profile is uniform at zero gage pressure (boundary condition). and not allowed to cool down. Figure 8 shows trends of process and vapor exergy loss rates for this optimum regime.
While the vapor exergy loss rate is erratic, the process exergy loss rate increases from the initial dry steady state conditions. This is due to the additional inter-conversion of electric power into heat for the resin, and the loss of chemical exergy due to reaction. Table 4 .
Summary and Conclusions
In this paper, the design of the injected pultrusion process using a multi-objective optimization approach has been studied. Injected pultrusion has been of interest in recent times because direct die injection (i.e., injected pultrusion) with closed backflow drip collection is recognized by the Environmental Protection Agency' s new maximum allowable control technology (MACT) standard (NARA, 2003) as an option to achieve 60% vapor emissions reduction for pultrusion-type processes. Using a 3-D dynamic physical model of injected pultrusion solved with finite elements, the retrofit design of a bench-scale setup was considered. The model-based design approach incorporates multiple objectives--economic, quality, and environmental. The concept of exergy loss in the process as well as in vapor emission was introduced. The vapor emissions were calculated in accordance with the MACT standard. This work provides the first design study based on these new regulatory guidelines.
The approach was able to determine the optimal values of the processing parameters such as heating zone temperatures, resin injection pressure, as well as the equipment specifications (die dimensions, heater, puller and pump ratings) that satisfied the multiple objectives in a weighted sense. The optimized solution resulted in process throughputs higher than that observed in practice (12) . It was seen that the economic objective did not coincide with the environmental objective, and a tradeoff becomes necessary. The vapor exergy losses were negligible for the most part, due to the closed nature of the resin injection.
The approach is easily extendable to traditional pultrusion and other thermoset polymer composites manufacturing. Future work could include modeling the effect of die insulation, and optimizing its thickness. The influence of heater sizing, spacing, placement, and number needs to be studied further. The model-based design approach can also be extended to real-time optimization of a live process, where the processing conditions are optimized, to account for changing inputs such as materials consumption rates and various cost factors.
